Internodes of deepwater rice are induced to grow rapidly when plants become submerged. This adaptation enables deepwater rice to keep part of its foliage above the rising f lood waters during the monsoon season and to avoid drowning. This growth response is, ultimately, elicited by the plant hormone gibberellin (GA). The primary target tissue for GA action is the intercalary meristem of the internode. Using differential display of mRNA, we have isolated a number of genes whose expression in the intercalary meristem is regulated by GA. The product of one of these genes was identified as an ortholog of replication protein A1 (RPA1). RPA is a heterotrimeric protein involved in DNA replication, recombination, and repair and also in regulation of transcription. A chimeric construct, in which the single-stranded DNAbinding domain of rice RPA1 was spliced into the corresponding region of yeast RPA1, was able to complement a yeast rpa1 mutant. The transcript level of rice RPA1 is high in tissues containing dividing cells. RPA1 mRNA levels increase rapidly in the intercalary meristem during submergence and treatment with GA before the increase in the level of histone H3 mRNA, a marker for DNA replication.
Deepwater rice (Oryza sativa L.) is a subsistence crop in regions of Southeast Asia that are flooded during the monsoon season (1) . To avoid drowning, deepwater rice has evolved the capacity to elongate very rapidly when it becomes submerged. This adaptation permits deepwater rice to keep part of its foliage above the rising flood waters. In the flood plains of Bangladesh, elongation rates of up to 25 cm day Ϫ1 have been reported (2) ; in our laboratory, we have measured growth rates of up to 5 mm h Ϫ1 (3) . Understanding the physiological and molecular basis of the growth response in deepwater rice is important for two reasons. It may help in identifying the gene(s) that could confer elongation capacity onto modern, high-yielding rice cultivars. Deepwater rice is also an excellent object in which to study basic aspects of plant growth because of its unusually high growth rate, which is under environmental and hormonal control.
In earlier work, we examined the environmental and hormonal regulation of the growth response in deepwater rice and the cellular basis of rapid internodal elongation. The plant hormone ethylene accumulates in submerged internodes because of enhanced synthesis under reduced partial pressures of O 2 and because of its low rate of diffusion from the plant into the surrounding water (4) . The interaction of ethylene and two other plant hormones-abscisic acid and gibberellin (GA)-determines the growth rate of the plant. Ethylene renders the internode more responsive to GA (5) , at least in part by lowering the level of endogenous abscisic acid, a potent antagonist of GA action in rice (6) . Growth of the internode is, ultimately, promoted by GA (5) .
The primary target tissue of GA is the intercalary meristem of the internode, where GA enhances cell division activity and cell elongation (5, 7, 8) . The intercalary meristem is a zone of about 3 mm in length and is located at the base of the internode (9) . Cells are displaced from the intercalary meristem into the elongation zone, where they reach their final size. In GAtreated internodes, the final cell length is about three to four times longer than in control internodes (5, 7) . Correspondingly, the length of the elongation zone expands from about 10 to 35 mm upon treatment with GA (8). Growth stops above the elongation zone in the differentiation zone, where lignification of developing metaxylem and cortical sclerenchyma takes place (9, 10) .
We have investigated the effect of GA on cell division activity in the intercalary meristem and have correlated the progression of cells through the cell cycle to molecular events that regulate it. The fraction of meristematic cells in the G 2 phase declined within 4 hr of GA treatment, indicating that these cells had entered mitosis (7) . The expression of two cyclin genes in the intercalary meristem was enhanced by GA, and the time course of induction was compatible with a role for both cyclins in regulating the transition from the G 2 to M phase (11) . Between 4 and 7 hr of incubation in GA, the rate of [ 3 H]thymidine incorporation into DNA doubled, showing an increase in DNA synthesis (7) . In a screen for GA-regulated gene expression using differential display of mRNA (12), we identified a histone H3 gene whose transcript level increased in parallel with the GA-induced rise in DNA synthesis (13) . In this report, we are describing the results of further screening, which led to the identification of a gene that encodes an ortholog of replication protein A1 (RPA1). In the internode, this gene is expressed in the intercalary meristem, and its transcript level increases as a result of GA treatment and submergence.
MATERIALS AND METHODS
Plant Material. Deepwater rice (Oryza sativa L., cv. Pin Gaew 56) was obtained from the International Rice Research Institute, Los Baños, Philippines, and grown as described (3) . For submergence experiments, 12-week-old plants were partially immersed in deionized water (14) and kept under
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Differential Display of mRNA. RNA was isolated according to Puissant and Houdeline (15) from the intercalary meristem of internodes treated for 2 hr with GA 3 or distilled water as control. Before reverse transcription, the RNA was treated with DNase I (Boehringer Mannheim) to remove residual DNA. Differential display (12) was performed with RNAimage kits (GenHunter, Nashville, TN) with slight modifications of the manufacturer's specifications. Briefly, 0.2 g of RNA was reverse-transcribed in a total volume of 20 l in the presence of 20 M dNTP and 0.2 M H-T 11 M for 1 hr. Two microliters of cDNA was amplified with the same H-T 11 M (0.2 M) primer and 0.2 M H-AP primer in the presence of 4 M dNTP and 0.25 l [␣-
33 P]dATP (2,000 Ci͞mmol, New England Nuclear) in a total volume of 20 l. PCR conditions were: 95°C for 30 sec, 40°C for 2 min, and 72°C for 1 min over 40 cycles. PCR products were separated on a 6% DNA sequencing gel in a Genomyx programmable DNA sequencer (Foster City, CA) and visualized by autoradiography. Using the primers 5Ј-AAGCTTTTTTTTTTTA-3Ј and 5Ј-AAGCTTTTGAGGT-3Ј, a differentially displayed cDNA band, dd12, was identified. After reamplification using the above PCR conditions, but at a dNTP concentration of 20 M in a total volume of 40 l, the dd12 cDNA was ligated into the pGEM-T vector (Promega). Differential expression of the dd12 transcript was confirmed by Northern blotting.
Northern Blot Analysis. Twenty micrograms of total RNA was loaded on 1.2% agarose-formaldehyde gels (16) and transferred to Hybond N membrane (Amersham). Blots were prehybridized in 5 ϫ standard saline citrate (SSC)͞10 ϫ Denhardt's solution (17)͞0.1% SDS͞0.1 M K-phosphate, pH 6.8͞100 g/ml denatured salmon sperm DNA for 4 hr at 42°C, and hybridized in 5 ϫ SSC͞10 ϫ Denhardt's solution͞0.1 M K-phosphate, pH 6.8͞10% dextran sulfate͞30% formamide͞ 100 g/ml denatured salmon sperm DNA overnight at 42°C with a probe prepared in the presence of [␣-32 P]dCTP (New England Nuclear) using a random prime labeling kit (Boehringer Mannheim). High-stringency washes were performed with 0.1 ϫ SSC and 0.1% SDS at 65°C twice for 30 min. The radioactivity on blots was quantified by PhosphorImager analysis (Molecular Dynamics). All values were normalized for equal loading with E37, a cDNA corresponding to a transcript whose expression does not change during treatment with GA 3 (13) .
Sequence Analysis. A full-length cDNA clone corresponding to the PCR product dd12 and henceforth called DD12 was isolated from a rice intercalary meristem cDNA library and cloned into the EcoRI site of pBluescript SK(Ϫ) phagemid (Stratagene). Sequence analysis was performed at the W.M. Keck facility at Yale University (New Haven, CT).
In Vitro Mutagenesis. DD12 was subcloned into the EcoRISphI site of pALTER R -1 (Promega). The SphI site of DD12 was located 150 bp from the 3Ј end of DD12 within the 3Ј untranslated region. To create an NdeI cloning site at the 5Ј end of the nucleotide sequence encoding the single-stranded DNA-binding domain SBD-A and a BamHI site at the 3Ј end of the nucleotide sequence encoding SBD-B, 5Ј-GGCGCG-GTTGCATATGACGAGAAGAGTT-3Ј and 5Ј-GCTTGG-TATGACGGATCCGGCAAGGGTACT-3Ј, respectively, were used as primers for mutagenesis (Fig. 1A) . The internal NdeI site was eliminated by mutagenesis using 5Ј-AGCTAGGGCCTTATGTTGGTG-3Ј as primer. The construct thus formed was called pALTER-S1. In vitro mutagenesis was performed according to manufacturer's (Promega) specifications. Mutagenesis over the primer regions was verified by sequence analysis.
Yeast Complementation. pDS1, a yeast shuttle vector containing wild-type yeast RPA1 on pRS415 (LEU2) (18), was digested with NdeI and BamHI to release the region of the yeast SBD-A and SBD-B domains. pALTER-S1 was digested with NdeI and BamHI, and the rice SBD-A and SBD-B region was cloned into the NdeI-BamHI site of pDS1. This resulted in the replacement of the yeast SBD-A and SBD-B with the rice SBD-A and SBD-B, and this construct was called pDS9. The yeast strain SBY102 (MAT␣, ade2-1, can1-100, leu2-3, 112 , his3-11, ura3-1, ⌬rpa1::TRP1; ref. 18) containing wild-type RPA1 on the shuttle vector YCp50 (URA3) was transformed with the appropriate construct by a modified LiAc method (19) and selected on synthetic complete medium without leucine (20) . To remove the wild-type yeast RPA1 on YCp50, the colonies were selected on the same medium containing 5-fluoroorotic acid (21) .
RESULTS
Identification of a GA-Regulated Gene. We used differential display of mRNA (12, 13) to identify genes whose transcript level in the intercalary meristem was altered within 2 hr of GA treatment. A 239-bp differentially displayed PCR product, dd12, appeared in GA-treated tissue and was further investigated. The cDNA was reamplified, cloned, and used as probe to verify by Northern blot analysis that the corresponding transcript indeed accumulated as a result of GA treatment (results not shown, see also Fig. 4) .
Sequence Analysis of DD12. A rice internode-specific cDNA library was screened with the differentially displayed and subcloned dd12 PCR product. A full-length clone of 2.3 kb was isolated whose sequence showed an ORF from position 55 to 1,944, encoding a protein of 69.6-kDa predicted molecular mass (Fig. 1 A) . Database searches indicated amino acid similarity to RPA1 from other organisms. RPA complexes are heterotrimers with subunits of approximately 70 (RPA1), 30 
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Plant Biology: van der Knaap et al. Proc. Natl. Acad. Sci. USA 94 (1997) (RPA2), and 14 (RPA3) kDa (22) . RPA was first identified as a factor necessary to support simian virus 40 replication (23) (24) (25) . Later, it also was found to be necessary for recombination (26, 27) and for DNA repair (28, 29) . DD12 encodes a protein containing two contiguous single-stranded DNAbinding domains, SBD-A and SBD-B (Fig. 1 A, lightly shaded amino acid sequences), which share similarity with Escherichia coli single-stranded DNA-binding domains (18) . DD12 also encodes a zinc finger motif ( Fig. 1 A, dark-shaded amino acid sequences), which is conserved in all RPA1 proteins but whose function is unknown. The phylogenetic relationships between all known RPA1 genes in the database are given in Fig. 1B (30) and for the failure of human RPA2 to complement a yeast rpa2 mutant (31) . The C-terminal and N-terminal regions of RPA1 interact with other cellular factors (see below) and are less conserved among each other than are SBD-A and SBD-B. Replacement of yeast SBD-A and SBD-B with human SBD-A and SBD-B was shown before to rescue a yeast rpa1 mutant (18) . We constructed a chimeric clone, pDS9, encoding a protein with the rice SBD-A and SBD-B domains between the yeast N-terminal and Cterminal domains ( Fig. 2A) . Fig. 2B shows the result of the complementation experiment. Both pDS1 containing the wildtype yeast RPA1 (sector b), and pDS9 containing the rice-yeast chimera (sector c) rescued the yeast mutant, whereas pJM241 containing yeast RPA2 (sector d) did not. After selection, the colonies in sectors b and c were not able to grow on synthetic complete medium without uracil, which indicates loss of the original yeast RPA1 gene on the YCp50 vector (data not shown). Also, dot blot analysis showed the presence of the yeast-rice chimera in colonies from sector c (data not shown). These results confirmed that the protein encoded by DD12 is an ortholog of RPA1. Therefore, DD12 henceforth will be called Os-RPA1.
Tissue-Specific Expression of Os-RPA1. mRNA was detected in tissues that contain dividing cells, namely in the highest node, which includes the apical meristem, in the sheath of the second youngest leaf, in the youngest leaf, in root tips, and in the coleoptile (Fig. 3) . Os-RPA1 transcript also was expressed in the intercalary meristem of the internode; a trace of Os-RPA1 mRNA was also evident in the internodal region just above it, which probably still contains some meristematic cells at its base but which, otherwise, consists of elongating cells. No Os-RPA1 transcript was detected in the differentiation zone and in the oldest part of the internode.
The Time Course of Os-RPA1 Expression and its Correlation with the Cell Cycle. The level of Os-RPA1 transcript in the intercalary meristem increased after 2 to 3 hr of treatment with GA 3 and reached a maximum after 8 hr (Fig. 4A, Top) . The increase in transcript level of Os-RPA1 was not observed in control stem sections (data not shown). Submergence of whole plants also caused an increase in accumulation of Os-RPA1 mRNA (Fig. 4B, Top) . These same blots also were hybridized to E37 as loading control (Fig. 4 A and B, Bottom) .
Because RPA is involved in DNA replication, we were interested in correlating the increase in transcript level of Os-RPA1 to that of histone H3, which is a marker for the S-phase of the cell cycle (13) . For this purpose, the Northern blots shown in Fig. 4 A and B were hybridized to the histone H3 probe (Fig. 4 A and B, Middle) . The signals were quantified by PhosphorImager analysis and normalized for equal loading using E37 as internal standard. Taking a 3-fold higher mRNA level over the 0-hr time point as a significant increase, we found that the rise in Os-RPA1 transcript level preceded that of histone H3 by 2 hr in GA-treated internodes (Fig. 4C) and by 4 hr in internodes of submerged plants (Fig. 4D) .
DISCUSSION
In our search for GA-regulated genes in deepwater rice, we identified a gene, DD12, whose transcript level increased early in response to GA treatment and submergence. Sequence analysis of DD12 indicated similarity to RPA1 genes from several organisms. Replacement of the SBD domain of yeast RPA1 with the homologous domain from DD12 yielded a construct that was used successfully to complement a yeast rpa1 mutant. Based on these results, we concluded that DD12 is an ortholog of RPA1 and called it Os-RPA1. To date, Os-RPA1 is the only identified plant RPA1 gene in the database, although apparent Arabidopsis and maize homologs exist in the EST database.
In synchronized yeast cells, increased transcript levels of RPA1 correlated with the late G 1 to S-phase (31) . This is also the case for the expression of several other yeast replication genes whose transcript levels increased before the accumulation of histone H2A-H2B mRNA (32) . We found a similar trend in the intercalary meristem of rice internodes. Particularly during submergence (Fig. 4 B and D) , the increase in Os-RPA1 mRNA levels preceded the onset of DNA replication, as indicated by the accumulation of histone H3 mRNA (13) . On the basis of these results, it appears that in rice, as in yeast, expression of replication proteins is regulated differently than that of histones.
RPA1 encodes the largest subunit of the heterotrimeric complex RPA and contains three functional domains (Figs. 1 A  and 2 A) . The C-terminal region mediates the interaction with the other two subunits, RPA2 and RPA3 (33) (34) (35) . The primary function of SBD-A and SBD-B is to bind single-stranded DNA (18, (34) (35) (36) ; however, SBD is also able to bind to damaged and double-stranded DNA (see below, and refs. [37] [38] [39] . The N-terminal domain is important for protein-protein interactions, e.g., with the transcriptional activators GAL4 and VP16 (40, 41) , with the tumor suppressor p53 (42) , and possibly with other proteins of DNA metabolism. However, the precise role of RPA in these interactions is unclear (for a recent comprehensive review of RPA structure and function, see ref. 22 ).
In addition to its role in DNA replication, repair, and recombination, RPA is implicated in transcriptional regulation of several genes. RPA was identified as a protein factor that bound specifically to the upstream repression sequence of the promoter of the yeast CAR1 gene, which is involved in nitrogen metabolism (43) , to a similar element in the promoter of the yeast MAG gene involved in DNA repair (44) , and to a similar element in the promoter of the yeast FOX3 gene, which is required for peroxisome functioning (45) . Based on sequence similarity, several cis elements, to which RPA binds, were identified in the promoters of many more genes involved in basic cell metabolism. Functional analysis of these cis elements showed that most of them act as upstream repression sequences, and some as upstream activation sequences. This indicates a role for RPA in both transcriptional repression and activation and in coordination of gene expression. The involvement of RPA in transcriptional regulation is found not only in yeast. The transcription of the human metallothionine IIA gene is repressed by RPA both in vitro and in vivo (46) .
In conclusion, rice RPA probably is involved in submergence-and GA-enhanced DNA replication. In addition, it also may play a role in coordinating general transcription that accompanies accelerated growth.
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